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Abstract 

Reversible spin Hall effect comprising the " direct" and " inverse" spin Hall effects was successfully 
detected at room temperature. This experimental demonstration proves the fundamental relations 
called Onsager reciprocal relations between spin and charge currents. A platinum wire with a 
strong spin-orbit interaction is used not only as a spin current absorber but also as a spin current 
source in the present lateral structure specially designed for clear detection of both charge and spin 
accumulations via the spin-orbit interaction. The obtained spin Hall conductivity is much larger 
than the reported value of Aluminum wire because of the larger spin-orbit interaction. 
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The basic science for electronic devices aiming at manipulating the spin degree of freedom 
is spintronics, which provides a possible means to realize advantageous functionalities for 
spin based recording and information processing. For such functions, the usage of spin 
current, a flow of spin angular momentum, is indispensable. Thus establishing techniques 
for efficient generation and manipulation of spin currents is a key for further advancement of 
spintronic devices. There is a novel phenomenon where the spin-orbit interaction converts a 
charge current into a spin current and vice versa . These are known as the "direct" 

and "inverse" spin Hall effects (SHEs). 



The SHE was first predicted in 1971 by D'yakonov and Perel' |jj , followed by the phe- 
nomenological theory with impurity scattering developed by Hirsch 3|, and extended to 
the diffusive transport regime by Zhang jj. Recently, the SHE has attracted considerable 
interest because of the potentiality for generation and manipulation of spin currents in 
nonmagnets without external magnetic fields. Although there have recently been many the- 
oretical studies on the SHE , few experimental reports exist 
because of difficult sample fabrication and measurements. Kato et al. reported the first 
experimental observation of the SHE induced spin accumulation via magneto-optical Kerr 
effect in GaAs semiconductor systems[ll]. Shortly after this measurement, the SHE in a 
2 DEG system was demonstrated using similar optical technique jl^. Although two kinds 



of extrinsic 
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mechanisms for the SHE are proposed to explain 



Il3| , the detailed origin of the observed phenomena is still 



the experimental results 
unclear. 

In diffusive normal metals, the SHE is known to be induced by the spin-orbit scattering, 
„Mc h , ao e^sic effect due to lm p Url t KS ot defects fl fl ff fl [J Since the optical 
detection technique is limited for semiconductor systems, the electrical detection technique 
is suitable for observing the SHE in diffusive metals. The unpolarized charge current flowing 
in a nonmagnet generates the transverse spin current, and results in the spin accumulation 
along the side edge of the nonmagnet. Inversely, the spin current flowing in a nonmagnet 
induces the transverse charge current, and causes the charge accumulation (inverse SHE)P, 
llo| . Very recently, the first clear observation of the charge accumulation due to the inverse 
SHE is reporte d by using a nonlocal spin injection in a lateral ferromagnetic/nonmagnetic 
metal structure 1J]. However, the observation has been performed only at low temperatures 
possibly because of a small spin-orbit interaction of aluminium. To induce a large measurable 
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inverse SHE even at room temperature, a large spin-orbit scattering is required. Platinum 
is known to exhibit a large spin-orbit interaction because of the large atomic number with 



respect to nonmagnetic impurities or defects 151. However, the conventional lateral structure 
|14L 1161 ] with nonlocal spin injection is not applicable to detect the SHE because of an 
extremely short spin diffusion length of about 10 nm 15j]. There is an experimental report 
of the charge accumulation due to the inverse SHE in the Pt strip using a spin pumping 
17(. However, the large sample size makes it difficult to evaluate the important 



technique 



parameters related to the SHE. 

Although the "inverse" SHE has been reported by the groups mentioned above, there 
has never been electrically observed the "direct" SHE (, i. e. , the conversion of the charge 
current to the spin current,) in all metallic systems up to now. Here we report a clear 
observation of the spin and charge accumulations due to the direct and inverse SHEs at 
room temperature induced in the Pt wire using nonlocal spin injection, spin absorption, and 
spin-generation techniques. We also demonstrate the Onsager reciprocal relations between 
the "direct" and the "inverse" SHEs. 

Our device for the present SHE experiment consists of lateral ferromagnetic/nonmagnetic 
metallic junctions as shown in Fig. 1(a). The device consists of a large Permalloy (Py) pad 
30 nm in thickness, a Cu cross 100 nm in width and 80 nm in thickness, and a Pt wire 80 
nm in width and 4 nm in thickness. The size of the junction between the Py injector and 
Cu wire, is chosen to be 100 nm x 100 nm to induce a large spin accumulation in the Cu 
wire. The distance from the center of the injector to the center of the Pt wire is 400 nm. 
The resistivities of the Py, Cu and Pt are 15.4 x 10~ 8 Qm, 2.1 x 10 -8 Qm and 15.6 x 10~ 8 
Vim at RT and 10.2 x 10" 8 ttm, 1.0 x 10~ 8 fim and 12.8 x 10~ 8 fim at 77K, respectively. The 
surfaces of Py injector and Pt wire is carefully cleaned by low voltage Ar ion milling prior 
to the Cu deposition. The obtained interfaces have very low resistances in the milli-ohm 
range, indicating good ohmic contact. 

When the charge current is injected from a ferromagnetic Py pad into a non-magnetic 
Cu cross and is drained from one of the top and bottom arms (see inset of Fig. 2(b)), 
the accumulated spins at the junction induce the diffusive flow of the spin current along 
the Cu wire as can be understood from the electrochemical potential map in Fig. 1(b). 
When the distance between the Py/Cu and Cu/Pt junctions d is shorter than the spin 



diffusion length of about 500 nm 



18[, the spin current should be absorbed into the Pt wire 
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from the Cu cross. According to previous experiments 19f, the magnitudes of the spin 
current and spin accumulation can be calculated by taking into account the spin resistance, 
defined as Rs = X/(aS(l — P 2 )) with the spin diffusion length A, the spin polarization 
P, the conductivity a, and the effective cross sectional area S for the spin current. The 
physical meaning of the spin resistance is a measure of the difficulty for spin mixing over the 
spin diffusion length. The spin current in the spin-accumulated material is thus preferably 
absorbed into the additionally connected material with small spin resistance. Here the spin 
resistance of Pt wire is an order of magnitude smaller than that of Cu wire. Therefore, the 
induced spin current in the Cu cross can be directed into the Pt wire as shown in Fig. 1(c). 

The injected spin current into the Pt wire vanishes immediately in the vicinity of the 
Pt/Cu junction because of the short spin diffusion length of the Pt. Hence, the spin current 



The charge current 



flows almost perpendicular to the junction plane as in Fig. 1(c) 
Ic is generated in the Pt wire via the inverse SHE when the spin current Is enters the Pt 
wire. The direction of the current Ic is given by the vector product s x Is, where s is 
the spin direction, yielding the flow of charge current normal to both the spin current Is 
and the spin direction s. As shown in Figs. 1(b) and 1(c), the up- and down-spin electrons 
flow opposite to each other as the flow of the electron is determined by the gradient of 
electrochemical potential. Such flows of up- and down-spins could induce the transverse 
voltage due to the spin-orbit interaction. Thus, when the spin currents polarized along the 
x-axis is injected into the Pt wire, the charge accumulation along the y-axis is induced in 
the Pt wire. It should be remarked here that the inverse transformation from the charge 
current Ic to the spin current Is is also expected when the configuration of injector and 
detector probes is reversed as illustrated in Figs. 1(d) and 1(e). 

In order to observe the charge accumulation due to the inverse SHE, we first measure 
the Hall voltage Vc induced in the Pt wire by means of the nonlocal spin injection. The 
spin-polarized charge current is injected from the Py pad into the Cu cross. The magnetic 
field is applied along the x-axis to maximize the charge accumulation in the Pt wire. As 
shown in Figs. 2(a) and 2(b), the clear change in AVc/I appears both at RT and 77 K. 
The AVc/I curves show hysteresis, assuring that the charge accumulation is induced by 
the spin current from the Py injector. The magnitude of AR^ke, defined as the overall 
change of AVc/I, is increased up to 160 mf2 at 77K. The observed change in signal does 
not depend on the choice of the Cu arm and the similar results were observed in other two 



4 



devices, assuring good reproducibility. One should notice that in this device configuration 
the charge accumulation can be induced by the in-plane component of the Py magnetization. 
This is a great advantage because the influence of the demagnetizing field can be avoided. 
Furthermore unlike previous metallic device the magnetization direction of the spin injector 
Py can be controlled at will by small in-plane magnetic fields below a few hundreds Oersted. 

To understand the relation between the direction of the injected spins s and the induced 
charge accumulation, the angular dependence of AVc/I is measured as a function of the 
in-plane field H along the tilting angle f from the x-axis. The induced Ai?sHE decreases with 
transverse magnetic component (Figs. 3(a), and 3(b)), and vanishes when the magnetization 
is aligned with the y-axis (Fig. 3(c)). From the relation Ic oc s x J s , the angular dependence 
of the Ai? S HE is expected to vary with cos0. Figure 3(d) shows clear cos0 variations of 
Ai?sHE both at RT and 77 K in good agreement with the prediction. 

Finally, the transformation from the charge current Ic to the spin current Is, which is 
the "direct" SHE, is examined using the probe configuration in the inset of Fig. 4(b). It 
should be noted that in the above described experiment, the Pt wire is used as a spin-current 
absorber, but the Pt wire now acts as a spin-current source, the latter of which is much more 
important for the application of spintronics without using a ferromagnet. Figures 4(a) and 
4(b) show the field dependences of the induced spin accumulation signal AVs/I in the Pt wire 
measured at RT and 77 K. AVg/1 varies similarly to AVq/I in Figs. 2(a) and 2(b) and more 
importantly the overall resistance change ARs is exactly the same as A.Rshe- These results 
demonstrate that both the spin to charge and the charge to spin current transformations 
are reversible, corresponding to the Onsager reciprocal relations, oshe = Cshe^ where ctshe 
and o"g HE are respectively the spin-current-induced spin-Hall conductivity and the charge- 
current-induced spin-Hall conductivity 4] . The spin Hall conductivity of the Pt wire is here 
evaluated as follows; In the experiments of spin-current induced charge accumulation shown 
in Figs. 1(b) and 1(c), the injected spin current I$i into the Pt wire is approximated by 
assuming that both the spin resistances Rsp y of Py and Rspt of Pt are much smaller than 
Rscu of CuQ,Q,Q: 

where Ac u , -Pp y and Ic are the spin diffusion length of Cu, the spin polarization of Py and 
the injected charge current. The spin Hall conductivity ctshe can be given by the following 
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equation [3, 

HQ: 

where w is the width of the Pt wire (80 nm in the present study). By using Pp y at rt = 0.2, 
Ap y at rt = 3 nm, Acu at rt = 500 nm, we obtain the value of oshe as 2.4 xlO 4 (fhn) -1 . 
Thus, the ratio of the spin Hall conductivity to the electrical conductivity «she = cshe/c 
for Pt is deduced to be 3.7 x 10 -3 , 30 times larger than that for Al obtained in a previous 
experiment Q] , as expected from the larger atomic number of Pt compared with Al. The 
dimensionless spin orbit parameter r] Q can also be calculated to be 0.74 from the relation 
with the Fermi wave vector kp ~ 1 x 10 10 m _1 and the mean free path I rs 20 nm for 
PtQ. This is quantitatively in good agreement with the value of 0.80 separately emulated 
using the equation i] = (3^/37c/2)(R K /k F )(a/\) with the quantum resistance i?^[10l|. This 
result opens up a new possibility to use normal metals with high spin-orbit coupling as spin 
current sources operating at room temperature for the future spintronic applications. 
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FIG. 1: (a) Scanning electron microscope (SEM) image of the fabricated spin Hall device together 
with a schematic illustration of the fabricated device, (b) Schematic spin dependent electrochemical 
potential map indicating spin accumulation in Cu and Pt induced by the spin injection from the Py 
pad. Dashed line represents the equilibrium position. The charge current is injected from the Py 
pad into the Cu cross, and is drained from one of the Cu arms. At the junction 3, there is no charge 
current. The Pt/Cu junction acts as a strong spin absorber (spin sink) because of the smallest 
spin resistance of Pt in the system, (c) Schematic illustration of the charge accumulation process 
in the Pt wire, where Is and I e denote injected pure spin current and induced charge current, 
respectively. At the junction between the Cu and Pt wires, the spin current Is perpendicularly 
flows into the junction plane, (d) Spin dependent electrochemical potential map for the charge to 
spin current conversion and (e) corresponding schematic illustration. The spin current generated 
in the Pt wire flows along the z-axis into the Cu wire. 

FIG. 2: The change in Hall resistance AVc/I due to the inverse spin Hall effect (SHE) (a) at 
room temperature and (b) at 77K. The inset shows the probe configuration for the measurement. 
The charge current is injected from the Py pad into the Cu cross and is drained from the upper 
Cu arm. The external magnetic field is applied along the x-axis to maximize charge accumulation 
along the Pt wire. The measurements are performed by using a current-bias lock-in technique with 
the excitation current of 300 mA. Ai?sHE is defined as the overall change from the maximum to 
minimum. 

FIG. 3: Hall resistance change due to the inverse SHE at room temperature for various directions 
((a) = 0, (b) = 7r/4 and (c) cf) = it) of the external magnetic field, (d) Overall Hall resistance 
change Ai?sHE as a function of the direction of the magnetic field. The solid lines are cos <p curves 
best fitted to the results. 

FIG. 4: Spin accumulation signal AVs/I generated by SHE at room temperature and 77 K. Field 
dependences of the signal are similar to those in Figs. 2(a) and 2(b). The overall change from 
maximum to minimum is the same as that in Fig. 2. This is consistent with the theoretical 
prediction. The exciting current for the lock-in measurements is limited below 60 mA to prevent 
Joule heating of the thin Pt wire 4 nm in thickness. To obtain reasonable S/N ratio in the signal 
for the room temperature measurement, 30 curves are averaged. 
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Fig. 1 Kimura et al. 
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Fig. 2 Kimura et al. 
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Fig. 3 Kimura et al. 
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Fig. 4 Kimura et al. 
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